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Abstract 
We measure the trapped non-wetting phase saturation as a function of the initial saturation in sand packs.  The application of the 
work is for carbon dioxide (CO2) storage in aquifers where capillary trapping is a rapid and effective mechanism to render 
injected CO2 immobile.  We used analogue fluids at ambient conditions.  The trapped saturation initially rises linearly with initial 
saturation to a value of 0.11 for oil/water systems and 0.14 for gas/water systems.  There then follows a region where the residual 
saturation is constant with further increases in initial saturation.   
 
Non-wetting phase, carbon dioxide, saturation, super-critical, climate change.  
1. Introduction 
If we are to avoid potentially dangerous climate change, we need to capture and store CO2 emitted by fossil-fuel 
burning power stations and other industrial plants [1].  Saline aquifers provide the largest potential for storage and 
the widest geographical spread [2].  Subsequent leakage of CO2 into the atmosphere, even over hundreds of years, 
would render any sequestration scheme inefficient.  However, based on the experience of the oil and gas industry, 
there is a good understanding of trapping mechanisms that take place in geological formations.  
 
Hydrodynamic trapping is the primary mechanism by which hydrocarbons accumulate in the subsurface.  The 
same mechanism would take place during carbon sequestration, with the less dense CO2 rising due to buoyancy 
forces until it is trapped under impermeable cap-rock [3].  However, this process relies on there being an intact 
barrier to upwards flow. Solution trapping occurs because of dissolution of CO2 in the aquifer brine.  The CO2 
saturated brine is denser than the surrounding brine leading to convective mixing where the denser brine migrates 
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deeper into the formation [4-6]. Mineral trapping occurs when CO2 dissolves in formation brine which subsequently 
reacts with the host rock to generate solid minerals over periods of thousands to billions of years [7-10]. 
 
The final trapping mechanism involves CO2 becoming immobile at the pore scale by capillary forces.  This 
process occurs as the CO2 migrates upwards, when it is displaced by natural groundwater flow or by the injection of 
chase brine.  It is a rapid and effective trapping mechanism that reduces the need to ensure cap-rock integrity [11-
16]. 
 
2. Capillary Trapping 
Capillary trapping has been measured in oil-water, gas-water and three-phase gas-water-oil systems; Figure 1 
shows a compilation of two-phase data in the literature [17-31].  
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Figure 1. Database of trapping capacity φS(nw)r versus initial non-wetting phase saturation S(nw)i in the literature. 
 
We define the trapping capacity as the fraction of the total volume of the porous medium that can be occupied by 
the trapped residual non-wetting phase saturation: φS(nw)r, where φ is the porosity and S(nw)r is the residual saturation. 
The trapping capacity increases approximately linearly with initial saturation until an initial saturation of around 
50%.  Beyond this there is considerable scatter, with most of the data indicating a maximum trapping capacity of 
between 4 and 10%. 
3. Experimental Methodology and Equipment 
Our experiments used unconsolidated sand packs and analogue fluids at ambient conditions. The fluid systems 
investigated were oil/water and gas/water.  Above its critical point – critical temperature = 304.45 K; critical 
pressure = 7.39 MPa (IPCC, 2005) – CO2 has unique properties with a density similar to a liquid and a viscosity 
more akin to a gas.  For the oil/water systems, the non-wetting phase was chosen to be n-octane since it has a density 
similar to CO2 at reservoir conditions. Air was used as the non-wetting phase for the gas/water systems which has a 
viscosity similar to the viscosity of CO2 at reservoir conditions.  The wetting phase in both sets of experiments was 
brine (de-ionized water with 1 weight % Potassium Chloride, and 5 weight % Sodium Chloride).  The ambient 
temperature in the lab was recorded as being consistently 293.15 K (± 1 K).  Ambient pressure was measured to be 
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0.101 MPa (± 0.003 MPa). The sand used in the experiments was unconsolidated Levenseat 60 (LV60) sand (WBB 
Minerals, UK).   
 
The sand pack was contained in a custom machined Polymethylmethacrylate column 1 m long.  The design of the 
column features pre-machined grooves around the circumference every 5 cm along the column length.  These 
grooves allowed the column to be sliced upon completion of the flow experiment such that direct samples could be 
taken from the sand pack for analysis using gas chromatography (GC) (oil/water systems) or mass balance (air/water 
systems).  When packing the column with sand, a circular piece of wire mesh (brass) and two circular pieces of filter 
paper (VWR Int. Filter Papers 415) were placed between the sand face and the end cap to prevent sand production.  
A balance Model S-6002 (Denver Instruments) was used to measure the mass of the sand-packed column in 
different conditions, dry, saturated and sliced (accuracy of ± 1.0x10-5 kg). 
  
The use of GC for direct sample measurement [32] is a precise approach that is highly accurate.  A PerkinElmer 
Autosystem XL GC fitted with a SGE forte capillary column (30m x 0.25mm ID, BP20 0.5 μm, polyethylene 
glycol) and a thermal conductivity detector (TCD) was used to detect fluid concentrations.  The GC set-up allowed 
detection of changes of the magnitude of 1 ppm within each GC sample vial.  A high precision syringe pump 
(Teledyne Pump 1000D) was used in all flooding experiments.  Flow accuracy according to technical specifications 
is ± 0.5%. 
 
In total four experiments were performed for the oil/water system.  Each experiment consisted of one set of Soi 
measurements and one set of Sor measurements.  In three experiments octane was injected into a vertical column, 
while the fourth used horizontal injection.  In each experiment the volume of octane injected varied to investigate 
the full range of initial oil saturations.  In two experiments three replicates were performed to find both Soi and Sor.  
For the gas/water system, three Sgi and two Sgr experiments were performed.  In all experiments the air was allowed 
to enter the top of the column in a gravity drainage process.   
4. Experimental Procedure  
The experimental procedures were as follows: 
4.1. Oil/Water System: 
1. Column dry packed with LV60 sand. 
2. Column fully saturated with brine. 
3. Octane injection (primary drainage) – performed to reach Soi. 
4. Brine injection (secondary imbibition) – performed to reach Sor.  
5. Column sliced into eighteen sections for sampling. 
6. Addition of solvent to each sample of sand + n-octane + brine. 
7. Filtering of each sample removes sand leaving a single homogeneous liquid phase. 
8. Injection of homogeneous liquid samples into GC for compositional analysis. 
4.2. Gas/Water System: 
1. Repeat steps 1 and 2 in section 4.1. 
2. Air injection (primary drainage) – performed to reach Sgi. 
3. Brine injection (secondary imbibition) – performed to reach Sgr.  
4. Column sliced into eighteen sections. 
5. Weigh each column section filled with sand, brine and air. 
6. Recover sand and wash with de-ionized water and measure sand mass. 
7. Weigh each empty clean column section. 
8. Measure bulk volume of each column section. 
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Table 1. Average properties of an LV60 sand pack. 
 
Porosity 37%  ± 0.2% 
Permeability 32 D  ± 0.3 D 
Pore Volume 111.2 ml  ± 2.7 ml 
Formation Factor 4.8 
 
Regardless of the fluid system the procedure began with the packing of a column with LV60 sand.  Each 
individual sand-packed column would yield either an Soi/Sor or an Sgi/Sgr set of data.  Two columns – as a minimum – 
were required to produce a single set of Soi versus Sor (or Sgi versus Sgr) values; we added additional replicates to 
assess the reproducibility of the results. 
 
A known mass of sand was added to a column with a known bulk volume.  The subsequent porosity of the sand 
pack was determined by mass balance.  A packing density of 1654 kg/m3 was used throughout.  The bulk volume of 
the columns was found by filling them with water of a known density and measuring the mass and comparing with 
the mass of the dry column.  The packing process was performed with dry sand poured into the column in one 
continuous motion under vibration.  Table 1 displays the average properties of the packs. 
Establishing an initial brine saturation of 100% was accomplished in three steps.  The brine was completely de-
aired by bubbling oxygen-free nitrogen gas through the brine for a minimum of 15 minutes.  In addition, and prior to 
brine injection, the column was completely saturated with gaseous CO2.  500 ml of brine was injected under a 0.138 
MPa back-pressure to displace the CO2.  The back-pressure was applied with a needle valve, forcing the brine into 
the smaller pores.  Even so any remaining trapped CO2 gas dissolved in the brine, resulting in a 100% saturated sand 
pack. 
 
For the oil/water system three vertical experiments were performed, with different volumes of octane injected in 
each case.  The octane was injected into the top of a column which was positioned vertically.  Once the desired 
volume of octane had been injected, the column was inverted such that the high oil saturation interval was at the 
bottom.  The octane subsequently migrated upwards due to buoyancy forces.  Oil migration was stopped by placing 
the column horizontally once the first drop of octane reached the filter paper at the top end of the column. In the 
air/brine experiments, the inlet and outlet at the top and bottom of the column were opened so that air migrated into 
the sandpack by gravity forces for 3.5 hours. 
 
The column would either be sliced to find Soi/Sgi or brine injection would start.  To reach residual conditions 450 
ml of brine, four pore volumes, were injected.  In the case of the oil/water system oil production always ceased soon 
after brine breakthrough and long before the end of the experiment. 
 
In the oil/water system the experimental procedure replicates a situation where injected CO2 migrates upwards 
due to buoyancy forces before being trapped as a residual phase by chase brine.  This is true for the portion of the 
column uninvaded by oil at the point of flipping when buoyancy driven migration begins.  The results from this 
portion of the column were of primary interest; however, as will be seen, the results from the entire length of the 
column describe a consistent trend and as such are included here. 
 
For the oil/water experiments, in addition to the vertical experiments described above, an additional horizontal 
experiment was performed to investigate the effect of gravity.  500 ml of octane was injected into a fully brine-
saturated column positioned horizontally.  The column was then sliced to find Soi or brine injection was started, 
following the procedure described above for the vertical experiment. 
 
At the end of injection the columns were sliced into eighteen sample sections.  For the oil/water system each 
section was mixed with 10 g of 2-propanol solvent.  This amount of solvent had been determined to be sufficient to 
dissolve both the n-octane and brine giving a single homogeneous liquid phase.  The mixture of sand and liquid was 
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then filtered to remove the sand.  The liquid was sampled into vials ready for GC analysis.  This process was 
repeated for each of the eighteen samples from each column. 
 
For the air/brine experiments, each sliced section was weighed full and empty.  Wet sand contained in each 
section was washed three times with de-ionized water to remove dissolved salt.  The sand was then dried and 
weighed.  The bulk volume of each column section was measured.  This step improved the accuracy of the results 
significantly as the pore volume for each 5cm section was determined.    
5. Results 
Figure 2 shows the measured oil saturation profiles.  The experiments cover different ranges of Soi: in experiment 
1 it ranges from 1.6% to 49.9%; 1.1% to 73.9% in experiment 2; 50.1% to 78.9% in experiment 3; and 70.0% to 
80.4% for experiment 4.   
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Figure 2. Oil Saturation profiles.  The lines to the right show the initial conditions, while the lines to the left show the 
trapped oil saturation. 
(a) Experiment 1: vertical 30 ml oil injection. Three Soi replicates and three Sor replicates are shown. 
(b) Experiment 2: vertical 50 ml oil Injection. Three Soi replicates and three Sor replicates are shown. 
(c) Experiment 3: vertical 80 ml oil injection. 
(d) Experiment 4: horizontal 500 ml oil injection. 
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Figure 3 shows the measured gas saturation profiles where Sgi ranges from 9.3% to 74.4%.   
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Figure 3. Gas Saturation profiles.  The lines to the right show the initial conditions, while the lines to the left show the 
trapped gas saturation. 
 
Figure 4 shows the measured trapping curves.  The error bars in Figure 2 are based on the standard deviation 
from experiments where replicates were performed for each of the data sets.  A good fit to the data is given by 
Aissaoui’s correlation [33], with an initial linear increase in Sor to maxorS =11.3% at Soc= 50% by constant Sor for an 
oil/water system; and a linear increase in Sgr to maxgrS = 14% at Scg = 20% followed by a constant Sgr for a gas/water 
system. 
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Figure 4. Comparison between the experimental gas and oil trapping data. 
6. Discussion and Conclusions 
We have measured the trend of both residual oil and residual gas saturations against initial saturations in 
unconsolidated sand packs.  We found relatively low residual saturations; in the high-porosity homogeneous pore 
space, waterflooding at the pore scale proceeds as a uniform advance controlled by cooperative pore filling with 
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little snap-off and trapping [34].  The residual saturations increased linearly with initial saturation until a maximum 
of 11.3% for oil and 14% for gas was reached for initial saturation of approximately 50% and 20% respectively.  
The observed trapping capacities were φSor = 4.1% and φSgr = 5.2%.  The residual saturation does not increase as the 
initial saturation is increased further.  At 50% oil (20% gas) saturation, the non-wetting phase is able to occupy all 
the larger pore spaces in which it will be trapped during waterflooding – invasion of smaller pores during primary 
drainage does not increase the residual saturation since the non-wetting phase will be displaced from these regions.  
This is in contrast to highly consolidated media with a wide pore size distribution, where the non-wetting phase can 
be trapped in small pores that are only filled at high initial saturations.  The Land trapping model [25] does not give 
good predictions of the trapped saturation for unconsolidated media; instead the linear Aissaoui’s correlation [33] is 
a good match to the data.  
 
This work implies that CO2 injection in poorly consolidated media would lead to rather poor storage efficiencies, 
with at most 4-6% of the rock volume occupied by trapped CO2; this is at the lower end of the compilation of 
literature results shown in Figure 1.  Using the Land correlation to predict the behavior would tend to over-estimate 
the degree of trapping except for high initial saturations. 
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